Abbreviations
=============

AA

:   arachidonic acid

AMD

:   age-related macular degeneration

AREDS

:   Age-Related Eye Disease Study

ATF4

:   activating transcription factor 4

ATG4

:   autophagy-related 4

BafA1

:   bafilomycin A~1~

CHX

:   cycloheximide

CREB

:   cAMP responsive element binding protein

DCF

:   5-(and-6)-carboxy-2\',7\'-dichlorodihydrofluorescein diacetate

DHA

:   docosahexaenoic acid

ER

:   endoplasmatic reticulum

HMOX1

:   heme oxygenase 1

KEAP1

:   kelch-like ECH-associated protein 1

MAP1LC3B

:   microtubule-associated protein 1 light chain 3 β

MEF

:   mouse embryonic fibroblast

NAC

:   N-acetyl cysteine

NQO1

:   NAD(P)H dehydrogenase, quinone 1

NFE2L2

:   nuclear factor, erythroid derived 2, like 2

OA

:   Oleic acid

POS

:   photoreceptor outer segment

PPARA

:   peroxisome proliferator-activated receptor α

PUFA

:   polyunsaturated fatty acid

qRT-PCR

:   quantitative real-time polymerase chain reaction

ROS

:   reactive oxygen species

RPE

:   retinal pigment epithelial

SLC7A11

:   solute carrier family 7 (anionic amino acid transporter light chain, xc- system), member 11

SRXN1

:   sulfiredoxin 1

SQSTM1

:   sequestosome 1

TFEB

:   transcription factor EB

UBA

:   ubiquitin associated domain

WT

:   wild type.

Introduction {#s0001}
============

Damaged proteins may have deleterious effects on cellular functions, and accumulation of misfolded proteins is the hallmark of several neurodegenerative diseases such as Huntington, Parkinson, and Alzheimer diseases and other age-related disorders.[@cit0001] Age-related macular degeneration (AMD) is a neurodegenerative disease of the eye and the leading cause of central blindness in western countries.[@cit0007] Currently, for 80% to 85% of the 30 to 50 million AMD patients worldwide there are no effective treatment alternatives.[@cit0009] Therefore, one major public health challenge is to devise an effective primary prevention of AMD and to improve current treatments.

The pathogenesis of AMD is initiated by degeneration and death of retinal pigment epithelial (RPE) cells followed by loss of the overlying photoreceptor neurons rod and cones.[@cit0010] Increased accumulation of intracellular auto-oxidative and autofluorescent lipofuscin in the lysosomes of RPE cells, as well as drusen formation in the extracellular space between the RPE and the Bruch membrane are hallmarks of AMD.[@cit0008] Lipofuscin is a brown-yellow, electron-dense, age-related pigment composed of a complex heterogeneous mixture of lipid--protein aggregates.[@cit0014] In drusens various acute phase inflammatory markers and oxidative stress-related proteins have been characterized.[@cit0015] Oxidative processes have been proposed to play a contributing role in AMD. RPE cells are exposed to chronic oxidative stress due to constant exposure to sunlight and relatively high oxygen tension, and high concentration of lipid peroxidation products from the ingested photoreceptor outer segments (POS).[@cit0010] Oxidatively damaged proteins post-translationally modified e.g. with carboxyethylpyrrole, malondialdehyde, 4-hydroxynonenal, and advanced glycation end products, accumulate in the macular area and serve to further elevate oxidative stress.[@cit0020] It is unclear whether accumulation and aggregation is the cause or the consequence of the disease. However, high amounts of deposits predict AMD progression and severity and it is thought that this aggregation of misfolded proteins occurs after failure of the cellular protein quality control mechanisms of the cells.[@cit0021] However, the role of aggregates in pathologies is controversial and may even protect the cells by sequestering putatively harmful soluble misfolded proteins. In Huntington disease it has been suggested that formation of aggregates may serve a cytoprotective role.[@cit0022] In addition, aggregates may also facilitate the clearance of the toxic materials.[@cit0021]

Two major proteolytic systems are responsible for maintaining the cellular function: the proteosomal and lysosomal system. Both systems remove irreversibly damaged proteins and recycle amino acids for protein synthesis. The activity of these systems decline upon aging.[@cit0023] Macroautophagy (hereafter referred to as autophagy) is a catabolic process that removes damaged and foreign intracellular components by lysosomal degradation.[@cit0024] During autophagy, targeted cytoplasmic proteins and organelles are sequestered by a growing double membrane that forms an autophagosomal vesicle where the content is degraded after fusion with a lysosome. The rate of cellular turnover by autophagy increases in response to cellular stresses like starvation, endoplasmatic reticulum (ER) stress, and elevated levels of reactive oxygen species (ROS) for maintenance of cellular homeostasis.[@cit0025] The SQSTM1/p62 protein (hereafter referred to as SQSTM1) binds both to ubiquitinated cargos, such as misfolded proteins and protein aggregates via its ubiquitin-associated (UBA) domain and also to the mammalian orthologs of yeast Atg8, located on the phagophore membrane.[@cit0028] In this way, SQSTM1 selectively targets ubiquitinated protein aggregates to lysosomal degradation.[@cit0028] A specific binding of SQSTM1 to misfolded and ubiquitinated proteins, and its presence in cytoplasmic inclusions in diverse human diseases have suggested a general role of SQSTM1 in diseases associated with protein aggregates.[@cit0005]

Tissue-specific knockout of autophagy genes in neurons or hepatocytes results in early onset neurodegeneration and liver failure, respectively, accompanied by accumulation of misfolded protein aggregates and ubiquitinated proteins.[@cit0030] Inducible knockout of autophagy in mice limits survival to 2 to 3 mo due to development of severe neurodegeneration.[@cit0032] These findings suggest that autophagy is an important cytoprotective mechanism that counteracts the development of several age-related diseases, especially proteinopathies, by clearence of damaged proteins and organelles.[@cit0033] Lysosomal-mediated clearance is also important in RPE cells[@cit0034] supporting the idea that also in RPE cells, autophagy is critical to maintain cellular homeostasis. Whether autophagy could be induced as a disease preventive mechanism in these cells is still uncertain. However, caloric restriction and compounds like resveratrol can extend life span in different model organisms possibly due to increased autophagy.[@cit0035]

Epidemiological studies indicate an inverse correlation between dietary intake of fish and the risk of developing AMD.[@cit0037] The disease preventive effects of increased fish intake have been associated with the content of marine omega-3 polyunsaturated fatty acids (n-3 PUFAs).[@cit0043] Deficiency of n-3 PUFAs in photoreceptors is associated with the development of AMD.[@cit0044] Increased intake of marine n-3 PUFAs has also been suggested to reduce the risk of other age-related disorders such as neurodegenerative diseases, different types of cancer, and heart and circulatory diseases.[@cit0045] However, the disease preventive mechanism(s) mobilized by dietary n-3 PUFAs are not completely understood. Previously, several reports have suggested a change in autophagy in cancer cell lines that are sensitive and display cytotoxic and/or cytostatic responses to physiological doses of PUFAs.[@cit0048] We explore whether increased autophagy is a part of the cellular response to PUFAs also in spontaneously arising ARPE-19 cells. If so, we hypothesize a correlation between the disease preventive effects of n-3 PUFAs and stimulation of autophagy in retinal pigment epithelial cells where the initial phases of AMD occurs.

Here we report that the n-3 PUFA docosahexaenoic acid (DHA, 22:6, n-3), in contrast to the n-6 PUFA arachidonic acid (AA, 20:4, n-6) and the n-9 fatty acid oleic acid (OA, 18:1, n-9), induces a transient increase in reactive oxygen species (ROS) in spontaneously arising retinal pigment epithelial cells. This mild, subtoxic stress is counteracted by activation of the antioxidant stress response transcription factor NFE2L2/NRF2 (nuclear factor, erythroid derived 2, like 2) that controls the transcription of a number of genes encoding endogenous enzymatic and nonenzymatic antioxidants. DHA also causes a selective rise in SQSTM1 mRNA and protein levels in an NFE2L2-dependent manner. Further we observe a transient increase in sequestration of misfolded proteins into aggregates after DHA that coincides with an increase in autophagy that could facilitate clearance of the protein aggregates. In line with a mobilization of a protective response, we find that DHA increases the tolerance for oxidative stress and misfolded proteins in retinal pigment epithelial cells.

Results {#s0002}
=======

The n-3 PUFA DHA induces protein aggregation and autophagy in ARPE-19 cells {#s0002-0001}
---------------------------------------------------------------------------

n-3 PUFAs have been suggested to mobilize disease preventive effects for several age-related diseases. Since insufficient autophagy has been proposed to contribute in the development of several of the same diseases, we asked if n-3 PUFA supplementation could induce autophagy. Cellular responses to lipids were determined in the presence of serum to mimic the in vivo situation. The n-3 PUFA DHA (22:6, n-3) was used in final concentrations of 70 µM and 140 µM in the cell culture experiments which is well within physiological relevant levels found in serum of healthy individuals.[@cit0054] The diploid, spontaneously derived ARPE-19 human retinal pigment epithelial cells[@cit0055] were used as a model system since these cells are relevant for the development of AMD. To determine the basal autophagy flux in these cells, cell extracts were analyzed by immunoblot for accumulation of lipidated microtubule-associated protein 1 light chain 3 β (MAP1LC3B-II/LC3B-II) and SQSTM1 in the absence or presence of the autophagy/lysosomal inhibitor bafilomycin A~1~ (BafA1) for different time points. In exponentially growing ARPE-19 cells, both SQSTM1 and MAP1LC3B-II protein levels displayed a linear increase with time throughout the experiment. The doubling time for SQSTM1 and MAP1LC3B-II was determined to be approximately 7 h and 5 h, respectively (**Fig. S1**). Since SQSTM1 is associated with protein aggregates that might be resistant to detergents, the pellets that remain after Triton X-100 protein extraction and centrifugation of the lysates, were resolved in a buffer containing 8 M urea to also solubilize also detergent-resistant proteins. A very clear increase in SQSTM1 protein level was observed in response to DHA in the detergent-resistant pellet while very little MAP1LC3B could be detected ([**Fig. 1A**](#f0001){ref-type="fig"}). During the rest of the study, cells were lysed directly in a buffer containing 8 M urea to avoid losing part of the cellular pool of SQSTM1. We then tested whether other lipids also could induce the level of SQSTM1. Interestingly, whereas stimulation with DHA clearly increased the protein level of SQSTM1, that was further elevated when combining DHA and BafA1 ([**Fig. 1B**](#f0001){ref-type="fig"}), no increase was observed after treatment with OA nor AA ([**Fig. 1B**](#f0001){ref-type="fig"}). The SQSTM1 gene is induced in response to different types of cellular stresses and the protein is continously turned over by autophagy. Since combining the DHA stimuli and the lysosomal inhibitor caused an additive effect, this suggests an increased autophagic turnover of SQSTM1 in response to DHA. Consistently, supplementation with DHA also increased the level of MAP1LC3B-II when combined with lysosomal inhibition ([**Fig. 1C**](#f0001){ref-type="fig"}). This observation indicates an autophagy-inducing activity of DHA in the ARPE-19 cells. To determine the time needed for DHA to induce autophagy and increase the level of SQSTM1, cell extracts were prepared after 3, 6, 16, and 24 h supplementation with DHA and BafA1. Already after 3 h with DHA supplementation, the turnover of both SQSTM1 and MAP1LC3B-II was induced, and the effect lasted for the duration of the experiment ([**Fig. 1C**](#f0001){ref-type="fig"}). The additive effect of DHA supplementation and inhibition of autophagic degradation by BafA1 suggests lipid-induced synthesis of the 2 proteins. In line with this notion, quantitative real-time PCR (qRT-PCR) analyses revealed a more than 7-fold increase in *SQSTM1* mRNA and more than 4-fold increase in *MAP1LC3B* mRNA levels in response to 16 h DHA treatment ([**Fig. 1D**](#f0001){ref-type="fig"}). Interestingly, among the mammalian orthologs of yeast Atg8, the induction of MAP1LC3B seems selective since only minor changes could be detected in mRNA levels of *MAP1LC3A* and *GABARAPL1*. Together, these data suggest that the synthesis of SQSTM1 and MAP1LC3B is induced and autophagy increased in response to DHA in a lipid-specific manner. Figure 1.The n-3 PUFA DHA increases protein level of SQSTM1 and induces autophagy in ARPE-19 cells. (**A**) Cells were treated with DHA (70 µM) for 24 h and lysed in Triton X-100 (Tx100) buffer. Equal amounts of protein (20 µg) from T × 100 fraction were centrifugated at 10,000 x g and the pellet was dissolved in the same volume of 8 M urea buffer before loading on the gel. The membrane was immunoblotted for SQSTM1 and MAP1LC3B. β-actin (ACTB) and PCNA are used as loading controls. (**B**) The cells were treated with DHA, OA or AA (70 µM) with or without BafA1 (100 nM) for 16 h. Total cell extracts were immunoblotted for SQSTM1. ACTB and PCNA are used as loading controls. (**C**) Protein levels of SQSTM1 and MAP1LC3B determined by immunoblotting of cells treated with DHA (70 µM), BafA1 (100 nM) or a combination of DHA and BafA1 for the indicated time points. The numbers below the MAP1LC3B-II bands represent fold change relative to BafA1 for each time point normalized to PCNA intensity. ACTB and PCNA are used as loading controls. (**D**) The mRNA levels of *SQSTM1, MAP1LC3B, MAP1LC3A*, and *GABARAPL1* relative to *ACTB* after DHA (70 and 140 µM) supplementation for 16 h determined by quantitative real-time PCR. qRT-PCR data displayed are representative for 2 independent experiments. Mean fold change from triplicate wells ± SD is displayed. Data shown are representative of 3 or more independent experiments, unless otherwise stated.

Since SQSTM1 was found in the detergent-resistant fraction after DHA supplementation, the cells were immunostained for SQSTM1 and MAP1LC3B. In response to DHA, a transient increase in number and size of SQSTM1-positive punctate cytosolic structures was observed ([**Fig. 2A**](#f0002){ref-type="fig"}). The number of SQSTM1-positive structures increased with time up to 16 h. A partial colocalization with MAP1LC3B was observed, which might represent autophagosomes. To quantify the number of punctate SQSTM1-positive structures per cell, more than 500 cells per condition were analyzed using automated imaging. Consistent with the manual inspection, automated image analyses demonstrated that the average number of SQSTM1 punctate structures increased with time after DHA supplementation ([**Fig. 2B**](#f0002){ref-type="fig"}). The average number of SQSTM1-positive speckles increased from less than 10 per cell in untreated cells to approximately 50 per cell in cells treated with DHA for 16 h. Interestingly, the number of SQSTM1 speckles that colocalized with MAP1LC3B decreased from approximately 60% in the untreated cells to less than 30% in the cells treated with DHA for 16 h. By extending the treatment time to 24 h, the number of punctate SQSTM1 structures was reduced, and the frequency of colocalization with MAP1LC3B increased ([**Fig. 2C**](#f0002){ref-type="fig"}). Together, these data indicate that cells respond to DHA by inducing a transient increase in SQSTM1-positive speckles. The reduction in the number of these speckles coincides with an increased turnover of MAP1LC3B-II and elevated colocalization between SQSTM1 and MAP1LC3B. Figure 2.The number of SQSTM1-positive protein speckles in ARPE-19 cells increases after DHA supplementation. (**A**) Immunostaining for SQSTM1 and MAP1LC3B after DHA (70 µM) treatment for indicated time points. Nuclear DNA was stained using Draq5 (5 µM). Scale bar: 10 µm. (**B**) Cells were treated with vehicle (V) or DHA (70 µM) for 1, 3, and 6 h. The SQSTM1-positive speckles were automatically quantified using ScanR automated image acquisition. The quantification displayed are representative for 3 independent experiments from where 2 are automatically quantified for more than 1,000 cells per condition and one is manually counted. \*) indicates significantly different from control, Student *t* test *P* \< 0.05. (**C**) The number of SQSTM1-positive speckles per cell (upper panel) and SQSTM1 speckles positive for MAP1LC3B (lower panel) in ARPE-19 cells supplemented with vehicle (V) or DHA (70 µM) for the indicated time points. The quantification displayed was performed manually for more than 100 cells per condition from one representative experiment. This quantification is representative for 3 independent experiments.

DHA induces a transient increase in ROS and activation of NFE2L2 in ARPE-19 cells {#s0002-0002}
---------------------------------------------------------------------------------

PUFA supplementation causes a rise in the level of reactive oxygen species (ROS) in different cell types,[@cit0056] and to induce oxidative stress response genes in colon cancer cells.[@cit0057] In response to DHA (70 µM and 140 µM) there was a significant increase in ROS levels at 3 h and then the level was reduced with time ([**Fig. 3A**](#f0003){ref-type="fig"}). Interestingly, 24 h after adding DHA (140 µM ) the level of ROS was lower compared to control cells. The DHA-induced increase in ROS levels could be counteracted by pretreating the cells with the exogeneous antioxidants N-acetyl-cysteine (NAC) or vitamin E ([**Fig. 3B**](#f0003){ref-type="fig"}). DHA treatment for 3 h resulted in significantly higher levels of ROS compared to treatment with AA or OA for the same time-period ([**Fig. 3C**](#f0003){ref-type="fig"}). Also, no further increase in ROS levels was observed after 6 h and 24 h supplementation with OA or AA (data not shown). Increased levels of ROS represent a stress situation that is counteracted by numerous cellular responses including changes in gene expression coordinated by the transcription factor NFE2L2. In response to ROS, NFE2L2 is stabilized and translocated to the nucleus.[@cit0058] Consistent with the ROS measurements, immunofluorescent analyses demonstrated a clear increase in nuclear localization of NFE2L2 in response to DHA while AA and OA did not affect the level of nuclear NFE2L2 significantly ([**Fig. 3D**](#f0003){ref-type="fig"}). The immunostaining approach for evaluating NFE2L2 activation was specific since *NFE2L2* siRNA caused a loss in intensity (data not shown). In line with a ROS-mediated activation of NFE2L2 after DHA supplementation, pretreatment with NAC counteracted nuclear translocation of NFE2L2 ([**Fig. 3E**](#f0003){ref-type="fig"}) and induction of HMOX1 (heme oxygenase 1) ([**Fig. 3F**](#f0003){ref-type="fig"}), representing one of the typical NFE2L2 targets induced by oxidative stress.[@cit0059] Immunoblot analyses also demonstrated a clear increase in NFE2L2 protein level in response to DHA consistent with a stabilization of the protein ([**Fig. 3H**](#f0003){ref-type="fig"}). Induction of HMOX1 was further analyzed after adding different lipids and found to be selective for DHA ([**Fig. 3G**](#f0003){ref-type="fig"}). Further, induction of NFE2L2 was validated by microarray gene expression analyses Using MetaCore for pathway analyses, it was revealed that NFE2L2-associated stress responses were significantly activated after 12 h DHA treatment (*P* \< 10^−6^). The identified, upregulated NFE2L2 target transcripts included *HMOX1, NQO1* (NAD\[P\]H dehydrogenase, quinone 1), *SRXN1* (sulfiredoxin 1), *ATF4* (activating transcription factor 4), and *SLC7A11* (solute carrier family 7 \[anionic amino acid transporter light chain, xc- system\], member 11). In line with these findings, the mRNA level of *SQSTM1*, another NFE2L2 target gene, was highly increased after 16 h DHA supplementation determined by qRT-PCR ([**Fig. 1D**](#f0001){ref-type="fig"}). In summary, these data are consistent with a lipid selective induction of ROS that results in elevated transcription of NFE2L2 controlled genes in response to DHA in ARPE-19 cells. Figure 3.DHA induces a transient increase in ROS and induce NFE2L2 cytoprotective genes. (**A**) Changes in ROS levels measured at different time points after DHA (70 and 140 µM) using a fluorescent ROS DCF probe. The data represent the mean fold change ± SD for 6 independent experiments for 3 h and 3 independent experiments for 6 h and 24 h. Each experiment was performed in duplicates where the mean intensity of 10,000 cells per well ± SD was measured. \*) indicates significantly different from control, Student *t* test *P* \< 0.05 and \*\*) *P* \< 0.01. (**B**) Where indicated the cells were pretreated with antioxidants (5 mM N-acetyl-cysteine (NAC) or 150 µM vitamin E) for 16 h before further stimulations with 140 µM DHA for 3 h. The data represent the average of 3 independent experiments for the DHA and NAC treatments and the average of 2 independent experiments for the Vitamin E treatment. Each experiment was performed in duplicates where the mean intensity of 10,000 cells per well ±SD was measured. \*\*) indicates significantly different from DHA, Student *t* test *P* \< 0.01. (**C**) Changes in ROS levels measured 3 h after DHA, OA or AA (140 µM) supplementation using a DCF fluorescent probe. The data represent the average of 3 independent experiments ±SD for DHA treated samples and 2 independent experiments ±SD for AA and OA treated samples. Each experiment was performed in duplicates where the mean intensity of 10,000 cells ±SD per well was measured. (**D**) Immunostaining of NFE2L2 after 70 µM DHA, OA, AA for 6 h. Nuclear DNA was stained using Draq5 (5 µM). Scale bar: 10 µm. The results are representative for 3 independent experiments. Nuclear NFE2L2 staining from one representative experiment was automatically quantified using ScanR automated image acquisition of more than 3,000 cells. Each experiment was performed in duplicates and the data are presented as average percentage number of cells with NFE2L2 nuclear staining ± SD. (**E**) The cells were pretreated with NAC (5 mM) for 1 h prior to further stimulation with DHA (70 µM) in combination with NAC for 6 h. After fixation, the cells were immunostained for NFE2L2. Data are representative for 2 independent experiments. The percentage of cells with NFE2L2 nuclear staining from one representative experiment was automatically quantified using ScanR automated image acquisition. Each experiment was performed in duplicate and the data displayed represent the average percentage number of cells with NFE2L2 nuclear staining ± SD. (**F**) ARPE-19 cells were pretreated with NAC (5 mM) for 1 h following stimulation with DHA (70 µM) for 6 h and BafA1 (100 nM) the last 2 h. Levels of HMOX1 was determined by immunoblotting. COX4I1 was used as loading control. (**G**) The ARPE-19 cells were treated with DHA, OA or AA (70 µM) with or without BafA1 (100 nM) for 16 h before immunoblotting for HMOX1 (100 µg protein loaded). ACTB/β-actin and PCNA were used as loading controls. (**H**) Immunoblot of NFE2L2, HMOX1, KEAP1 (100 µg protein loaded), SQSTM1, ACTB and PCNA (loaded 20 µg protein) after DHA (70 µM) with or without BafA1 (100 nM) for 16 h. Arrows represent NFE2L2 and KEAP1 bands while \*) represents a nonspecific NFE2L2 band. ACTB and PCNA were used as loading controls. (**I**) Cells were treated as in (**G**) and immunoblotted for phosphorylated SQSTM1 (Ser351) and total SQSTM1 (100 µg protein loaded). ACTB and PCNA were used as loading controls. Data shown are representative of 3 or more independent experiments, unless otherwise stated.

The DHA-induced increase in the protein level of NFE2L2 corresponded with a slight reduction in the protein level of one of its negative regulators KEAP1 (kelch-like ECH-associated protein 1) ([**Fig. 3H**](#f0003){ref-type="fig"}). This reduction was blocked by BafA1, supporting the notion that KEAP1 is degraded by selective autophagy.[@cit0060] Under resting conditions, KEAP1 sequesters NFE2L2 and targets it for proteosomal degradation.[@cit0061] Elevated cellular levels of ROS cause KEAP1 to dissociate from NFE2L2.[@cit0062] In addition, SQSTM1 can sequester KEAP1 and the affinity increases upon phosphorylation of SQSTM1 at serine 351 (Ser351) and this mechanism represents an alternative route to activate NFE2L2.[@cit0063] Interestinly, using an antibody specific for SQSTM1 phosphorylated at Ser351, a clear raise was observed in response to DHA, but not to AA or OA ([**Fig. 3I**](#f0003){ref-type="fig"}). Inhibition of lysosmal degradation also caused an increase in the cellular level of this modified form of SQSTM1 that was further enhanced by cotreatment with DHA. Together, these data is consistent with DHA-induced ROS and a resulting stabilization and nuclear translocation of NFE2L2. However, we cannot exclude that phosphorylation of SQSTM1 at Ser351 also contributes to the observed activation of NFE2L2. Activation of NFE2L2 results in elevated mRNA and protein levels of SQSTM1 and HMOX1. Prolonged exposure to DHA results in cellular ROS levels that are lower compared with control cells indicating an induction of endogenous antioxidants by DHA. Interestingly, pretreating the cells with exogenous antioxidants counteracted the DHA-induced ROS levels as well as nuclear translocation and activation of NFE2L2, indicating that ROS is clearly involved in the DHA-dependent activation of NFE2L2.

NFE2L2, SQSTM1, and ATG5 are important in the cellular responses to DHA by limiting oxidative stress and mediating cell survival {#s0002-0003}
--------------------------------------------------------------------------------------------------------------------------------

To evaluate the importance of NFE2L2, SQSTM1 and autophagy in the cellular responses toward DHA, the cells were transfected with targeted siRNAs. More than 60% reduction in ATG5 protein level was observed in cells transfected with *ATG5* siRNA. However, the cells with reduced ATG5 protein levels did not display any reduced ability to form MAP1LC3B-II or degrade SQSTM1 ([**Fig. 4A**](#f0004){ref-type="fig"}), indicating that the remaining ATG5 protein provides sufficient catalytic activity to maintain autophagy largely unchanged. This is in line with previous findings reporting that very low levels of ATG12--ATG5 might be sufficient for maintaining autophagy.[@cit0067] Even though no clear reduction in autophagy could be observed in the *ATG5* siRNA tranfected cells, we could still observe a tendency of potentiation of ROS levels in response to DHA compared to the control siRNA-transfected cells ([**Fig. 4B**](#f0004){ref-type="fig"}). In addition, downregulation of ATG5 protein levels affected the growth of the cells treated with DHA compared to the control-transfected cells ([**Fig. 4C**](#f0004){ref-type="fig"}). These relative differences in sensitivity toward DHA were also observed by counting the number of viable cells 48 h after adding DHA (data not shown). However, since we were unable to establish a clear reduction in autophagy in the ARPE-19 cells after downregulation of ATG5, we are uncertain how these effects relate to autophagy. We therefore analyzed ROS levels and cell survival after DHA supplementation in wild-type (WT) and *atg5*-deficient mouse embryonic fibroblasts (MEFs). Compared to the WT MEFs, the *atg5*^−/−^ MEFs displayed an elevated basal level of ROS ([**Fig. 5A**](#f0005){ref-type="fig"}) and NFE2L2 ([**Fig. 5B**](#f0005){ref-type="fig"}) in line with previous notions.[@cit0026] In response to DHA, the level of both ROS and NFE2L2 increased to higher levels in *atg5*^−/−^ MEFs ([**Fig. 5A and B**](#f0005){ref-type="fig"}) and the autophagy-deficient cells were found more sensitive to DHA ([**Fig. 5C**](#f0005){ref-type="fig"}). Together, these findings indicate a cytoprotective role of autophagy in the cellular responses toward DHA. Figure 4.ATG5 is important in the cellular responses to DHA. (**A**) ARPE-19 cells were transfected with control siRNA or *ATG5* siRNA (100 nM) and left for 24 h before reseeding. Following incubation for 24 h, the cells were added DHA (70 μM) or BafA1 (100 nM) for 24 h and immunoblotted for ATG5, SQSTM1, and MAP1LC3B. ACTB and PCNA were used as loading controls. (**B**) The cells were siRNA-transfected as in (**A**). After DHA (140 µM) treatment for 3 h changes in ROS levels were measured using a fluorescent ROS DCF probe. The results are representative for 2 independent experiments. Each experiment was performed in duplicates where the mean intensity ±SD of 10,000 cells per well was measured. The control is normalized to one and the relative fold changes are shown. (**C**) Relative cell index after transfection with control or *ATG5* siRNA (100 nM) after vehicle or DHA (140 μM) based on real-time monitoring using the xCELLigence instrument. The cell index for each treatment was normalized to one at the start of the experiment. For each time point the cell index of control samples (Control siRNA + vehicle and *ATG5* siRNA + vehicle) was normalized to 1. The effect of DHA treatment after transfection with either Control siRNA or *ATG5* siRNA is shown relative to the corresponding controls. Mean normalized cell index with standard deviation of triplicate wells of vehicle or DHA treated cells is displayed. Data shown are representative for 2 independent experiments. Figure 5.The *atg5* knockout MEFs are more sensitive to DHA compared to wild-type MEFs. (**A**) The levels of ROS were measured in wild-type (WT) and *atg5*^−/−^ MEFs after 3 h DHA treatment (70 and 140 µM) using the fluorescent DCF probe. The data from one representative experiment of 3 independent experiments are displayed. Each experiment was performed in triplicate wells where the mean intensity ±SD of 10,000 cells per well was measured. (**B**) The levels of NFE2L2 and SQSTM1 after vehicle or DHA (70 μM, 16 h) treatment in wild-type and *atg5*^−/−^ MEFs (85 μg protein loaded). TUBB/β-tubulin was used as loading control. The immunoblot is representative for 3 independent experiments. (**C**) Wild-type and *atg5*^−/−^ MEFs were exposed to DHA (75 μM) and cellular responses observed over time using the xCELLigence real-time monitoring system. The cell index was normalized to one at the start of the experiment. Mean normalized cell index ±SD of triplicate wells of vehicle or DHA treated cells are displayed. The results are representative for 5 independent growth experiments scored by cell index using xCELLigence.

Using well-established siRNA probes targeting *NFE2L2*,[@cit0028] we estimated NFE2L2 to be approximately 70% downregulated by immunostaining (data not shown) and SQSTM1 was reduced more than 50% after cotreatment with DHA and BafA1 ([**Fig. 6A**](#f0006){ref-type="fig"}). Also, the DHA-induced level of HMOX1 was clearly reduced in the *NFE2L2* siRNA-transfected cells compared to the cells transfected with control siRNA (**Fig. S2**). These results are consistent with a important role of NFE2L2 in the regulation of both HMOX1 and SQSTM1 in response to DHA. The clear reduction in SQSTM1 and HMOX1 indicates an efficient and functional downregulation of NFE2L2. Targeting *SQSTM1* with siRNA caused a more than 90% reduction in the protein level of SQSTM1 ([**Fig. 6A**](#f0006){ref-type="fig"}). Interestingly, the level of MAP1LC3B-I was elevated in response to both *NFE2L2* and *SQSTM1* siRNA transfection compared to control siRNA-transfected cells. The induced level of MAP1LC3B-I was evident in the untreated control and further increased in response to DHA, indicating that the cells compensate for reduced levels of NFE2L2 and SQSTM1 by inducing the synthesis of MAP1LC3B protein and activation of autophagy. Consistent with an important role of NFE2L2 in the cellular responses to DHA, a more than 3-fold increase in basal ROS levels was observed that was further strongly increased by DHA in the *NFE2L2* siRNA-transfected cells ([**Fig. 6B**](#f0006){ref-type="fig"}). Downregulation of SQSTM1 also resulted in a slightly increased basal ROS level and a further elevation after DHA supplementation compared to control siRNA-transfected cells. Since SQSTM1 is only one of a number of different cytoprotective genes controlled by NFE2L2, the data demonstrate that downregulation of NFE2L2 is more severe in terms of basal and induced levels of ROS compared to siRNA-mediated downregulation of *SQSTM1*. Accordingly, real-time monitoring of cells transfected with siRNA against *NFE2L2* and *SQSTM1* displayed a reduced cell growth in the presence of 70 μM DHA, consistent with a cytostatic effect. Again, siRNA mediated downregulation of *NFE2L2* was found more severe than downregulation of SQSTM1 after DHA supplementation ([**Fig. 6C**](#f0006){ref-type="fig"}). By increasing DHA concentration (140 μM), the sensitivity was further increased (data not shown). Together, these results indicate that NFE2L2, SQSTM1 and autophagy cooperate in regulating the cellular responses toward DHA; interfering with any of these processes turns a transient, mild increase in ROS into a cytotoxic stress condition. Figure 6.NFE2L2 and SQSTM1 are important in the cellular responses to DHA in ARPE-19 cells. (**A**) Cells were transfected with control, *NFE2L2* and *SQSTM1* siRNA (25 nM) and left for 24 h before reseeding. Following incubation for 24 h, the cells were added DHA (70 μM) or BafA1 (100 nM) for 24 h. Immunoblot for SQSTM1 and MAP1LC3B. ACTB/β-actin and PCNA were used as loading controls. (**B**) The cells were siRNA-transfected as in (**A**). After vehicle (V) and DHA (70 and 140 µM) treatment for 3 h changes in ROS levels were measured using a fluorescent ROS DCF probe. The data are representative for 2 independent experiments both performed in duplicates. The data represent the mean intensity ±SD of 10,000 cells per well and is displayed as relative DCF intensity. (**C**) Relative cell index after transfection with control, *NFE2L2* or *SQSTM1* siRNA (25 nM) after vehicle and DHA treatment (70 μM) based on real-time monitoring using the xCELLigence instrument. The cell index was normalized to one at the start of the experiment. Mean normalized cell index with standard deviation of triplicate wells of vehicle and DHA treated cells is displayed. Data shown are representative for 3 independent experiments.

DHA mobilizes cytoprotection toward protein aggregates and oxidative stress {#s0002-0004}
---------------------------------------------------------------------------

Protein aggregates are involved in aging, diseases, and cell death, and autophagic degradation of these aggregates is important for cell survival. We observed that DHA stabilizes and activates NFE2L2, and causes a subsequent increase in SQSTM1 mRNA and protein levels. SQSTM1 are involved in sequestration of misfolded, ubiquitinated proteins into protein aggregates, and ensures selective degradation of these by autophagy.[@cit0029] Therefore, we wanted to investigate if DHA makes the cells more resistant to accumulation of protein aggregates or subsequent oxidative stress. Treating the cells with puromycin, a protein synthesis inhibitor that causes release of premature and misfolded proteins during translation,[@cit0028] led to a clear increase in mono- and polyubiquitinated protein aggregates ([**Fig. 7A**](#f0007){ref-type="fig"}). In contrast, no such increase could be observed in response to the translational inhibitor cycloheximide (CHX) for the same period of time.

After pretreating the cells with DHA, the cells were further treated with puromycin or cycloheximide for 4 h. The drugs were then removed and the cells were incubated for a further 16 h in the presence of the tymidine analog 5-ethynyl-2′-deoxyuridine (EdU) to evaluate the frequency of cells performing S phase during this time.[@cit0070] By automated imaging and image analyses of more than 3,500 cells, it was found that more than 75% of the untreated cells displayed nuclei positive for EdU ([**Fig. 7B**](#f0007){ref-type="fig"}). Pretreatment with DHA did not affect the frequency of cells that performed S phase. In response to a 4 h treatment with puromycin, but not cycloheximide, the number of nuclei positive for EdU was clearly reduced compared to control. Interestingly, pretreating the cells with DHA partially rescued the cell proliferation following a puromycin challenge. These results indicate that under conditions where SQSTM1 is induced, there is also an improved tolerance for misfolded proteins formed in response to puromycin.

To test whether activation of NFE2L2 observed after DHA stimulation makes the cells more resistant to subsequent exposure to oxidative stress, ARPE-19 cells were pretreated with DHA for 16 h following a 30 min challenge with hydrogen peroxide (H~2~O~2~). After washing, cells were incubated for 16 h in the presence of EdU. Again, pretreatment with DHA partially rescued proliferation of the cells ([**Fig. 7C**](#f0007){ref-type="fig"}). Together, these results indicate that DHA induces cellular responses that mobilize resistance to misfolded proteins and oxidative stress.

Discussion {#s0003}
==========

We here demonstrate that the n-3 PUFA DHA selectively induces a transient increase in cellular ROS levels that is counteracted by activation of NFE2L2 and induction of oxidative stress response genes and proteins in ARPE-19 cells. In addition, DHA stimulates the synthesis of SQSTM1 and elevates autophagy. Pretreatment with DHA counteracted cell cycle arrest induced by misfolded proteins or oxidatives stress. Together our data indicate that DHA induces an interplay between NFE2L2 activation and autophagy in retinal pigment epithelial cells that makes the cells more tolerant to misfolded proteins and oxidative stress. These responses could represent putative disease preventive mechanisms mobilized after a mild, transient oxidative stress induced by DHA in a lipid selective manner.

Elevated levels of ROS are implicated in the pathogenesis of a number of neurodegenerative diseases, including AMD.[@cit0018] NFE2L2 is the main regulator of the expression of genes encoding proteins that controls cellular redox status.[@cit0058] Upon aging, *nfe2l2*-knockout mice have an increased risk of developing AMD-like phenotype,[@cit0073] emphasizing the important cytoprotective role of the cell\'s endogenous antioxidative system. Physiologically relevant doses of DHA caused a transient increase in ROS followed by increased protein levels and nuclear translocation of NFE2L2. Subsequently, increased expression of NFE2L2-modulated genes was detected by gene-expression arrays, and as increased protein levels of the NFE2L2 regulated proteins HMOX1 and SQSTM1. The n-6 PUFA arachidonic acid and the monounsaturated oleic acid did not cause a similar increase in ROS or activation of NFE2L2. Currently, the mechanisms underlying this lipid selectivity is incompletely understood. However, these lipids serve as precursors for different types of lipid-derived signaling compounds resulting from both nonenzymatic and enzymatic reactions.[@cit0074] The ARPE-19 cells did not display any changes in cell growth or survival after adding any of the lipids (70 µM). Nevertheless, in cells where NFE2L2 was downregulated, both the basal and DHA-induced levels of ROS were increased consistent with a central role of NFE2L2 in redox balance. Interestingly, in cells depleted for NFE2L2 the growth rate was clearly affected even under normal growth conditions. After DHA supplementation the cytostatic response was further potentiated. These data are consistent with previous reports demonstrating that DHA directly or indirectly induces NFE2L2.[@cit0074] Also, we found that DHA pretreatment protected the ARPE-19 cells from a cytostatic effect upon a subsequent challenge with hydrogen peroxide. Together, these results indicate that DHA induces activation of NFE2L2 and an increased buffer capacity for oxidative stress in retinal pigment epithelial cells.

Autophagy has emerged as a cellular process for selective clearance of damaged proteins and organells, and is crucial to avoid the development of several age-related diseases, including different types of neurodegeneration.[@cit0076] Mice genetically modified to lack autophagy in a tissue-specific manner display early onset neurodegeneration accompanied by accumulation of misfolded protein aggregates and ubiquitinated proteins.[@cit0030] Inducible, systemic knockout of autophagy restricts lifespan in mice to 2 to 3 mo due to the development of severe neurodegeneration.[@cit0032] Interestingly, deletion of *ATG5* in the lens has been reported to result in age-related cataract accompanied by accumulation of polyubiquitinated and oxidized proteins and SQSTM1.[@cit0079] ATG5 is also required for lysosomal fusion of phagosomes containing photoreceptor outer segments (POS) important in renewal of photoreceptors in RPE cells and thus optimal vision.[@cit0080] Also, it was recently reported that prolonged use of the autophagy inhibitor chloroquine in treatment of malaria, could cause chloroquine-associated visual loss due to degeneration of RPE cells.[@cit0081] AMD develops with age and a marked reduction in autophagy activity in the retina of aged mice have been suggested to be involved in age-associated visual loss and retinal dystrophy.[@cit0082] Together, these findings suggest that elevation of autophagy could protect from development of AMD as well as other neurodegenerative diseases. In this context it is interesting that physiologically relevant concentrations of DHA increases autophagy in the ARPE-19 cells. In addition to increased autophagy, we also observed an increased level of *SQSTM1* mRNA and SQSTM1 protein level. SQSTM1 selectively targets misfolded, ubiquitinated proteins for lysosomal degradation by binding both to ubiquitinated cargos, via its UBA domain, and to mammalian orthologs of yeast Atg8 on the growing phagophore membrane.[@cit0028] In this way, the elevated levels of SQSTM1 observed after DHA might enhance the cell\'s capacity to sequester damaged and ubiquitinated proteins into aggregates. In accordance, a transient increase in the number and size of cytosolic protein aggregates positive for SQSTM1 was observed after DHA. The reduction in the number of these speckles coincides with an increased turnover of MAP1LC3B-II and elevated colocalization between SQSTM1 and MAP1LC3B, which may indicate selective removal of these structures by increased autophagy.

Intriguingly, we observe DHA pretreatment to protect ARPE-19 cells from cell cycle arrest induced by misfolded proteins released during protein translation in the presence of puromycin. We speculate that this may be due to DHA-induced increase in SQSTM1 and subsequent aggregation and autophagic clearance. Such a model would be consistent with the protective role of ubiquitination and aggregation of mutant aggregate-prone huntingtin as a mechanism for cell survival,[@cit0022] and autophagy as the mechanism responsible for the clearance of these huntingtin aggregates.[@cit0029] Also, others have reported that DHA-derived ROS is involved in protein quality control by regulating aggregation and further autophagic degradation of misfolded apolipoprotein B in hepatocytes.[@cit0085]

Interestingly, both the basal and DHA-induced level of MAP1LC3B-I were elevated in cells depleted for NFE2L2 and SQSTM1. This increase in MAP1LC3B-I could indicate a compensatory role of autophagy under conditions of increased ROS levels. Downregulation of SQSTM1 did not influence cell growth under normal conditions but resulted in a prominant cytostatic response when combined with DHA treatment. As expected, the cytostatic responses toward DHA after downregulating SQSTM1 were not as clear compared to cells with downregulated NFE2L2. These differential effects likely reflect that NFE2L2 controls a number of mechanisms that counteract oxidative stress where SQSTM1-mediated targeting of misfolded proteins for autophagic degradation is only one of these. The complex interplay between oxidative stress and autophagy is also illustrated by the finding that ROS levels are increased in cancer cells lacking autophagy.[@cit0086] In addition, underscoring the complexity of this interplay, NFE2L2 controls the expression of the autophagy cargo receptor SQSTM1, but at the same time, phosphorylated SQSTM1 partly controls the activity of NFE2L2 by sequestering its negative regulator KEAP1.[@cit0058] NFE2L2 transcriptionally cooperates with several cellular stress response pathways, including ATF4-regulated stress responses,[@cit0087] that further regulates SQSTM1,[@cit0088] and autophagy.[@cit0089] Also, in addition to TFEB (transcription factor EB),[@cit0090] recent studies have pointed to CREB (cAMP responsive element binding protein) and PPARA (peroxisome proliferator-activated receptor α) important for the transcriptional regulation of autophagy.[@cit0091]

The pathogenesis of AMD is strongly associated with oxidative stress.[@cit0010] Currently, there is no established prevention or therapy for early AMD. The Age-Related Eye Disease Study (AREDS) is among the largest and most robust randomized clinical trials designed to investigate the role of daily oral supplementation of antioxidant vitamins and minerals.[@cit0013] The AREDS study demonstrated that daily supplementation with antioxidant reduced the risk of developing advanced AMD by 25% at 5 y. Epidemiological studies have suggested a protective role of n-3 PUFAs for developing AMD.[@cit0037] Also, subgroup analysis from the Nutritional AMD Treatment 2 Study from 2013, revealed that high levels of n-3 PUFAs in red blood cells can prevent AMD progression.[@cit0098] To assess if antioxidants and n-3 PUFAs could induce additive effects, a second AREDS2 study was designed to evaluate if inclusion of n-3 PUFAs to the AREDS formulation further reduced the risk of progression to advanced AMD. However, no additional effect was observed in preventing AMD progression.[@cit0099] Our results demonstrate that DHA potently induces the endogenous oxidative stress defense coordinated by NFE2L2 in ARPE-19 cells. The DHA-induced activation of NFE2L2 was abolished by cotreatment with exogenous antioxidants. Thus, it is possible that the 2 approaches to prevent AMD, either by reducing ROS via exogenous antioxidants, or by n-3 PUFAs to mobilize the endogenous ROS scavenging systems, neutralize each other. Based on our results, it would be interesting to determine if additional effects of the 2 approaches could be present if antioxidants and n-3 PUFAs are sequentially supplemented. However, further research is needed in order to determine the kinetics of the 2 responses in relevant cell types.

Further studies are needed to determine if aggregation, autophagy and NFE2L2 activation are part of the physiological responses to DHA also in vivo. Our data indicate that activation of NFE2L2 and elevated autophagy could represent markers for the disease preventive effects of DHA supplementation. Interestingly, our results emphasize that exogenous antioxidants may interfere with and counteract some of the putative positive effects of DHA, including the activation of NFE2L2. The current study shows that DHA induces the cellular antioxidant responses controlled by NFE2L2 and stimulate protein quality control and autophagy. These cellular mechanisms harbor a number of putative biomarkers that may be utilized in the future to defined and improve disease preventive effects of marine n-3 PUFAs.

Materials and Methods {#s0004}
=====================

Cell lines and reagents {#s0004-0001}
-----------------------

ARPE-19 were obtained from ATCC (CRL-2302) and cultured in DMEM:F12 medium (Sigma, D8437), supplemented with fetal bovine serum (10%) (Gibco, 10270-106) and gentamicin (0.05 mg/mL; Gibco, 15710049). Immortalized wild-type (WT) and *atg5*^−/−^ MEFs were a kind gift from Noboru Mizushima and were grown in DMEM (Sigma, D5796) supplemented with fetal bovine serum (10%) (Gibco, 10270-106) and gentamicin (0.05 mg/mL; Gibco, 15710049). All cell lines were maintained in a humidified atmosphere of 5% CO~2~; 95% air at 37°C. All experiments were performed in subconfluent, exponentially growing cells that never exceeded passage number 25.

Docosahexaenoic acid (DHA; Cayman, 90310), oleic acid (OA; Cayman, 90260) and arachidonic acid (AA; Cayman, 90010) were added to prewarmed complete medium to the final desired concentration and vortexed at full speed before added to the cells. Vehicle-treated samples were added to the same volumes of absolute ethanol and was used as control throughout all experiments.

Other reagents used: bafilomycin A~1~ (BafA1; Sigma, B1793), puromycin (Sigma, P9620), cycloheximide (CHX; Sigma, C4859), and hydrogen peroxide (H~2~O~2~; Merck Millipore, 108600).

The following antibodies were used: anti-SQSTM1/p62 (Progen, GP62-C); anti- NFE2L2/NRF2 (Santa Cruz Biotechnology, sc-13032); anti-MAP1LC3B/LC3B (Cell Signaling Technology, D11); anti-HMOX1 (Enzo, ADI-OSA-110), anti-ATG5 (Novus Biologicals, NB110-53818), anti-ACTB/β-actin (Abcam, ab6276), anti-KEAP1 (Santa Cruz Biotechnology, E20), anti-phospho-SQSTM1/p62 (Ser351; MBL, PM074), anti--mono- and polyubiquitininated conjugates (clone FK2; Biomol, PW8810), anti-TUBB/β-tubulin (Abcam, ab6046), anti-PCNA (Santa Cruz Biotechnology, sc-7907), anti-COX4I1/COX IV (Abcam, ab33985). All secondary antibodies were from Invitrogen (Alexa conjugates, catalog numbers A-11073, A-21428 and A-11001) or Li-Cor Biotechnology (NIR dye conjugates, catalog numbers 926-32211, 926-32214, 926-32411926-68077, 926-68071, 926-68070).

Microarray gene expression profiling {#s0004-0002}
------------------------------------

ARPE-19 cells were treated with vehicle (ethanol) or 70 µM DHA for 1, 3, 6, 12, and 24 h before RNA isolation using High Pure RNA isolation kit (Roche, 11828665001). Microarray gene expression profiling was performed in independent triplicates for all time points using Illumina HumanHT-12 v4 Expression BeadChip according to the manufacturer\'s protocol (Illumina). The statistical analysis was based on summary expression measures using the raw data (CEL) files performed by the robust multiarray average method. The statistical analysis was performed in R (<http://www.r-project.org>), using packages Limma from Bioconductor.[@cit0100] Differentially expressed genes were selected based on a threshold of 0.05 on the adjusted *P* values. Enrichment analyses was performed in MetaCore™ (Thomson Reuters, UK) a data-mining and pathway analysis tool. All data have been submitted to ArrayExpress with the accession number E-MTAB-3016.

Quantitative real-time PCR {#s0004-0003}
--------------------------

Total RNA was extracted from DHA treated cells using the High Pure RNA isolation kit. Purity and quantity were measured by Nanodrop. 1 µg total RNA was used for cDNA synthesis using the iScript Select cDNA synthesis kit (Bio-Rad, 170-8896). The cDNA was diluted 1:10 before real-time PCR was performed in parallel 25 µl reactions containing 12.5 µl 2X QuantiTect SYBR Green PCR master mix (Qiagen, 204141) and 2.5 µl 10X QuantiTect Primer Assay (Qiagen, catalog numbers Hs\_*SQSTM1*\_1_SG, Hs\_*MAP1LC3B*\_2_SG, Hs\_*GABARAPL1*\_1_SG, Hs\_*MAP1LC3A*\_1_SG, *Hs_GAPDH*\_2_SG, Hs\_*ACTB*\_2_SG ). The cycling conditions for the StepOne plus system (Applied Biosystems, Foster City, CA, USA) were 95°C for 15 min, 40 cycles of 94°C for 15 sec, 55°C for 30 sec and 72°C for 30 sec. Relative RNA transcription levels were transformed into linear form by 2 (−deltadeltaCt). Transcripts were normalized to the quantity of *ACTB* for each condition.

siRNA-mediated knockdown {#s0004-0004}
------------------------

For *NFE2L2* and *SQSTM1* downregulation cells were transfected using 25 nM siRNA oligo (final concentration) by DharmaFECT transfection reagent 1 (Dharmacon, T-2001-03) and compared to 25 nM control nontargeting siRNA. For *ATG5* downregulation cells were transfected using 100 nM siRNA oligos (final concentration) and compared to the same final concentration of nontargeting siRNA. Following 24 h, the cells were collected by trypsinization and seeded for real-time cell monitoring, ROS measurements and immunoblot analysis. The following smartpool siRNA oligonucleotides were obtained from Dharmacon; control nontargeting siRNA (D-001210-01); *NRF2/NFE2L2* siRNA (D-003755-02), target sequence: 5′- CCAAAGAGCAGUUCAAUGA; *SQSTM1* siRNA (J-010230-06) and *ATG5* siRNA (L-004374-00)

Real-time cell monitoring {#s0004-0005}
-------------------------

Real-time growth curves were obtained using an xCELLigence system (Roche) according to the supplier\'s recommendations in the presence or absence of DHA (70 µM and 140 µM). Where indicated, the cells were pretreated with siRNA (nontargeting, *NFE2L2, SQSTM1*, or *ATG5*) 24 h before monitoring in real time with or without DHA (70 µM and 140 µM).

ScanR automated image acquisition {#s0004-0006}
---------------------------------

The microscope-based imaging platform ScanˆR (Olympus, Hamburg, Germany) were used to image SQSTM1-positive structures in the presence and absence of DHA (70 µM). Images were taken with a 20 × objective, using the excitation filters (wavelength \[nm\]/width \[nm\]): FITC (485/20) and Draq5 (650/13). For emission, a combination filter (440,521,607 and 700 nm) was used for all fluorophores (Chroma Technology Corp, Bellows Falls, VT). For each well, approximately 2000 cells were counted. The images were analyzed by the ScanR Analysis software (Olympus). Using the ScanR analysis software (Olympus) the number of cells was counted (based on the nuclear-stain) and the number of SQSTM1 dots within the cells (nucleus and surrounding cytosol) or Click EdU-positive nuclei.

Cell proliferation assay {#s0004-0007}
------------------------

Cell proliferation was monitored using Click-iT® EdU Alexa Fluor® 488 Imaging Kit (Invitrogen, C10337) according to the manufacturer\'s protocol. For EdU incorporation experiments, cells were pretreated with vehicle or DHA (70 µM) for 16 h, washed 2X PBS before further stimulation with puromycin (10 µM), cycloheximide (10 µg/ml) for 4h or hydrogen peroxide (50, 100 or 200 µM) for 30 min. After 2X washing in PBS the cells were added 5-ethynyl-2′-deoxyuridine (EdU) (5 µM) for 16 h and fixated using 4% paraformaldehyde. For the click reaction the cells were washed in 3% BSA (Sigma, A7906) and permabilized using 0.5% Triton X-100 (Sigma, T8787) for 20 min. After additional washing the cells were incubated with Click-It reaction cocktail containing Alexa Fluor 488 azide (Invitrogen, C10337) for 30 min. DNA was stained using 5 µg/ml Hoechst 33342 included in the kit (Invitrogen, C10337). EdU-positive cells were automatically quantified using ScanR automated image acquisition.

Detection of reactive oxygen species {#s0004-0008}
------------------------------------

ROS levels were determined using the Image-iT ™ LIVE Green Reactive Oxygen Species Detection Kit (which utilizes 5-(and-6)-carboxy-2′,7′-dichlorodihydrofluorescein diacetate \[DCF\]; Invitrogen, C6827) and a BD FACS Canto flow cytometer (BD Biosciences, San Jose, CA, USA). The cells were treated with 70 µM or 140 µM of designated lipids for the indicated time points. When indicated, the cells were pretreated for 16 h with 150 µM vitamin E (Sigma, T3251) and 5 mM N-acetyl cysteine (NAC; Sigma, A9165) before DHA treatment (140 µM) for 3 h. The cells were incubated at 37°C and 5% CO~2~ with 0.3 µM DCF for 30 min before intracellular ROS was determined. The experiments were performed in duplicates and the data represent mean intensity of 10,000 cells per well ± SD. The results represent the average of 6 independent experiments for 3 h and 3 independent experiments for 6 and 24 h. For the antioxidant treatments, the results represent the average of 3 and 2 independent experiments for NAC and vitamin E, respectively. For WT and *atg5* knockout MEFs the experiments were performed in triplicates and the data represent the average of 3 independent experiments. *P* values were calculated using the Student *t* test.

Immunostaining {#s0004-0009}
--------------

The cell cultures were treated as specified for indicated time points and fixed in 4% paraformaldehyde before immunostaining using indicated antibodies and visualization by fluorescently labeled secondary antibodies. Nuclear DNA was stained using Draq5 (5 µM; Biostatus, DR50200) or Hoechst 33342. Immunostaining was imaged with an Axiovert200 microscope equipped with a 63 × 1.2W objective and the confocal module LSM510 META (Carl Zeiss, Jena, Germany). Images were processed using the LSM software and mounted using Canvas 11 (Deneba). Images are representative of more than 200 randomly selected cells in each condition and of 2 or more independent experiments. All images to be compared were taken with the same settings.

Immunoblotting {#s0004-0010}
--------------

After the indicated treatment the cells were harvested by trypsinization and lysed in a urea buffer containing 8 M urea (Merck Millipore, 1084870500), 0.5% (v/v) Triton X-100 (Sigma, T8787), 100 mM DTT (Sigma, 646563), Complete® protease inhibitor (Roche, 1187350001) and phosphatase inhibitor cocktail II (Sigma, P5726) and III (Sigma, P0044). When indicated, cells were lysed in a buffer containing 0.25% Triton X-100 (Sigma, T8787), 1 % NP40 (Sigma, NP40S), 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA pH 8, Complete® protease inhibitor, and phosphatase inhibitor cocktail II (Sigma, P5726) and III (Sigma, P0044). For wild-type and *atg5*^−/−^ MEFs, the extracts for NFE2L2 detection were prepared using a nuclear extract kit (Active Motif, 11447358). Total protein concentration in the lysates was determined by BioRad protein assay (Bio-Rad, 500-0006). Equal amounts of proteins (20 µg if nothing else stated) were separated using NuPAGE® Novex® 12% or 4-12% Bis-Tris Gels (Invitrogen). Bound antibodies were imaged by near infrared fluorescence using appropriate fluorescent dye labeled secondary antibodies and an Odyssey Near Infrared scanner (Li-Cor Biosciences, Lincoln, Nebraska, USA). PCNA and COX4I1 were used for normalization purposes. In addition, loading was also detected using immunoblotting for ACTB/β-actin and TUBB/β-tubulin. Images were processed using Li-Cor Odyssey software and mounted using the Canvas 11 software (Deneba).

Statistics {#s0004-0011}
----------

Values were expressed as mean ± standard deviation (SD). Statistical analyses were performed by the 2-tailed Student *t* test, 2-sample assuming equal variances. *P* values \< 0.05 was considered statistically significant and is labeled with \*) and *P* \< 0.01 is labeled with \*\*). Error bars for qRT-PCR represent the standard deviation of triplicate wells.
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